Uranium is one of the most valuable metals in seawater. Various inorganic and organic adsorbents for the recovery of uranium in seawater have so far been synthesized and evaluated. [1] [2] [3] [4] Among the adsorbents reported, amidoxime polymers are noted as being the most promising. 1,3,4 Hirotsu et al. 5, 6 have already investigated a separative elution of uranium from an amidoxime polymer which had been immersed in seawater, and proposed the selective elution of uranium from an amidoxime polymer with 0.5 or 1 mol dm -3 hydrochloric acid after complete elution of co-adsorbed magnesium(II), calcium(II), zinc(II), and nickel(II) with 0.1 mol dm -3 hydrochloric acid. However, the fraction of uranium also contained iron(III) and copper(II), which have had to be removed in the succeeding step, and no information about the adsorption and elution of vanadium was given in the work by Hirotsu et al. 5, 6 We undertook the present work to obtain further information about the characteristics of the amidoxime polymer, and explored a method to elute iron and copper adsorbed on the amidoxime fiber from seawater prior to the release of uranium. Furthermore, we also found that vanadium adsorbed strongly on amidoxime fiber, and established a procedure to recover vanadium quantitatively from it.
Experimental

Reagents
Amidoxime fiber: a polypropylene nonwoven fabric (Toughnel 100, Mitsui Chemical Co. Ltd., Tokyo) was irradiated with an electron beam, and then soaked in a solution of acrylonitrile and methacrylic acid in dimethyl sulfoxide for graft copolymerization. The thus-copolymerized fabric was soaked in a hydroxylammonium chloride solution in water/methanol for converting the cyano group to the amidoxime one. Finally the fabric was treated with a potassium hydroxide solution. The graft rate of the thus-prepared fabric was 155%, and the density of the amidoxime group was 6.3 mmol g - 1 . The details concerning the preparation of the amidoxime fiber have been given elsewhere. 7, 8 Uranium(VI) (1142 µg ml -1 ) solution: 0.232 g of uranyl nitrate hexahydrate was dissolved in 0.1 mol dm -3 hydrochloric acid, diluted to 100 ml with the same acid, and then standardized by back-titration with thorium nitrate after the addition of excess EDTA.
Calcium (1034 µg ml -1 ) solution: 1.31 g of calcium carbonate was dissolved in 500 ml of 0.1 mol dm -3 nitric acid and standardized by EDTA titration.
Magnesium (969 µg ml -1 ) solution: 2.71 g of magnesium nitrate hexahydrate was 250 ml of 0.1 mol dm -3 nitric acid and standardized by EDTA titration.
Iron(III), copper(II), nickel(II), and manganese(II) (1000 µg ml -1 ) solutions: standard solutions for atomic absorption spectrometry were purchased from Kanto Chemical Co., Tokyo.
Other chemicals used were of analytical reagent grade. Distilled and deionized water was used throughout.
Instruments
A Shimadzu AA-630-12 atomic absorption spectrophotometer (Shimadzu, Tokyo) was employed to determine copper, magnesium, and calcium. Inductively coupled plasma atomic emission spectrometers [ICPV-1000 (Shimadzu, Tokyo) and SPS1200AR (Seiko Instruments, Tokyo)] equipped with an ultrasonic nebulizer system [U-5000 AT + (Seiko Instruments, Tokyo)] were also used for the simultaneous determination of iron, vanadium, calcium, manganese, nickel, and copper, and the sequential determinations of uranium, zinc, and magnesium, respectively. The operating conditions of atomic absorption spectrometry (AAS) and inductively coupled plasma atomic emission spectrometry (ICP-AES) were those specified by the manufacturer of each instrument used.
An electric oven [SMF-2 (Sanyo Kagaku, Tokyo)] was used to ash the adsorbents and a heating stirrer [F-101H (Tokyo Glass Instruments, Tokyo)] was used to stir and to heat a solution containing the amidoxime fiber for the elution of metals.
Adsorption of metals on amidoxime fiber from seawater
For a comparison, several methods were employed for the adsorption of metals on the amidoxime fiber from seawater. Typical methods are as follows: (1) 
min
-1 for 7 days; (2) an appropriate amount of amidoxime fiber packed in a basket was immersed in seawater for a few weeks. The absolute amounts of metals adsorbed on a unit mass of amidoxime fiber varied slightly with the methods and places to bring the amidoxime fiber into contact with the seawater. Therefore, the total amount of each metal adsorbed on the amidoxime fiber was determined by measuring the amounts of the eluted and uneluted metal as well.
Elution of metals from amidoxime fiber
The amidoxime fiber, on which metals had been adsorbed, was washed with a sufficient amount of water repeatedly using an ultrasonic cleaner. It was dried and kept over silica gel in a desiccator.
About 0.1 g of the dried amidoxime fiber was placed in 10 ml of 0.01 mol dm -3 hydrochloric acid solution and stirred for 2 h at a constant temperature (30˚C). The amidoxime fiber was then filtered with filter paper and placed in 10 ml of 0.02 mol dm -3 hydrochloric acid, followed by stirring and filtration, as described above. Thus, the fiber was successively treated with 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1, 2, and 5 mol dm -3 hydrochloric acid. The metals in the filtrate were determined by ICP-AES or AAS. The uneluted metals on the amidoxime fiber, which had been treated with 5 mol dm -3 hydrochloric acid, were determined by ICP-AES or AAS after ashing the amidoxime fiber by heating at 160˚C for 2 h, and then at 550˚C for 5 h, and dissolving the residue in 50 ml of 2 mol dm -3 hydrochloric acid.
Results and Discussion
Metal adsorption on amidoxime fiber from seawater
The amidoxime group reacts with various metal ions to form chelate complexes. About 0.07 g of the amidoxime fiber immersed in seawater was ashed and analyzed qualitatively by ICP-AES. The identified metals, namely uranium, vanadium, cobalt, nickel, iron, manganese, copper, zinc, calcium, and magnesium, were then determined by ICP-AES. The amounts of metals adsorbed on the amidoxime fiber are listed in Table 1 together with the corresponding concentrations in seawater. 9 The valuable metals, such as uranium and vanadium, were concentrated on the amidoxime fiber, although Hirotsu et al. 5, 6 did not mention the adsorption of vanadium at all. Larger amounts of magnesium and calcium were adsorbed on the amidoxime fiber than those expected. This is attributable to the presence of carboxyl groups introduced to give hydrophilicity to the amidoxime fiber. The larger quantities of iron and copper were adsorbed on the amidoxime fiber from coastal seawater more than offshore seawater. The coastal seawater tested might have been contaminated with copper and iron released by human activities.
Metal elution from amidoxime fiber with hydrochloric acid
Hydrochloric acid was used as eluent for the metals adsorbed on the amidoxime fiber according to the work by Hirotsu et al. 5, 6 The elution behavior of the metals adsorbed on the amidoxime fiber was examined by treating the amidoxime fiber immersed in seawater successively with hydrochloric acid of increasing concentration (see Experimental for the details of the procedure). of the magnesium and calcium were eluted by 0.02 mol dm -3 hydrochloric acid, whereas nickel, manganese and zinc were recovered by 0.05 mol dm -3 hydrochloric acid. Significant portions of copper and iron were eluted in the fraction of uranium. Therefore, L-ascorbic acid, as reductant for iron(III) to iron(II), was added to 0.05 mol dm -3 hydrochloric acid to improve the elution of iron. About 0.05 g each of amidoxime fiber which had been immersed in seawater was added to 5 ml of 0.05 mol dm -3 hydrochloric acid containing 0.1 to 5 w/v% Lascorbic acid and stirred for 2 h at 30˚C. The metals liberated into the solution were determined by ICP-AES or AAS. Figure  2 illustrates the effect of L-ascorbic acid on the elution of metals from the amidoxime fiber. The increasing concentration of Lascorbic acid in 0.05 mol dm -3 hydrochloric acid attained an increasing liberation of iron from the amidoxime fiber. The recovery of iron reached about 93% at 5 w/v% L-ascorbic acid in 0.05 mol dm -3 hydrochloric acid. The elution of vanadium was somewhat accelerated by L-ascorbic acid. On the other hand, the L-ascorbic acid did not affect the recoveries of uranium and copper.
Because thiourea is a well-known masking reagent for copper, 10 it was tested to improve the elution of copper. The obtained results are shown in Fig. 3 . The presence of thiourea in 0.05 mol dm -3 hydrochloric acid markedly enhanced the elution of copper, and 1 w/v% thiourea led to an 80% recovery of copper. The elution of manganese and iron was slightly facilitated by thiourea. In contrast, uranium was still strongly retained on amidoxime fiber, irrespective of the presence of thiourea. Figure 4 illustrates the time dependence of the recoveries of metals when 0.05 mol dm -3 hydrochloric acid containing 3% Lascorbic acid and 1% thiourea was used as the eluent. The elution of all the metals tested attained equilibrium in about 2 h. About 431 ANALYTICAL SCIENCES APRIL 2000, VOL. 16 30% of vanadium was eluted at equilibrium. It is therefore preferable to repeat the short-period elution of magnesium, calcium, manganese, nickel, and iron with 0.05 mol dm -3 hydrochloric acid containing L-ascorbic acid and thiourea, while retaining as much vanadium as possible on the amidoxime fiber.
Finally, the elution of vanadium, which remained even after the complete elution of uranium with 0.5 mol dm -3 hydrochloric acid, was examined in further detail. Figure 5 shows the effect of the concentration of hydrochloric acid on the elution of vanadium at 50˚C. The recovery of vanadium increased linearly with the increasing concentration of hydrochloric acid up to 3 mol dm -3 , and then gently reached about 93% at 5 mol dm -3 . Next, the effect of the temperature of hydrochloric acid as an eluent was tested by keeping the concentration of the acid at 3 mol dm -3 . Almost 100% of vanadium was recovered by stirring the amidoxime fiber in 3 mol dm -3 hydrochloric acid at 60˚C for 2 h, as shown in Fig. 6 . This rather harsh treatment, however, might lead to a slight deterioration of the amidoxime fiber.
